I
on and water homeostasis of the central nervous system (CNS) neuronal environment is primarily controlled by astroglia. Extracellular potassium ion (K ϩ ) efflux from active neurons is passively taken up by astrocytes through strong, inwardly rectifying K ϩ (Kir) channels, redistributed throughout the astrocytic syncytium via gap junctions, and cleared away into the blood or the cerebrospinal fluid via weak Kir channels. This glial K ϩ spatial buffering prevents K ϩ build-up in the narrow CNS extracellular space, which would affect diverse neuronal processes. [1] [2] [3] [4] [5] Water flux via aquaporin-4 (AQP4) channels 6 is thought to be linked to K ϩ spatial buffering. 7, 8 The association between K ϩ and osmotic balance is structurally supported by the coenrichment of Kir4.1 and AQP4 proteins in perivascular membranes 9, 10 and is functionally corroborated by the impaired K ϩ clearance concomitant with perivascular AQP4 loss. 11 In the adult retina, astrocytes are confined to the superficial nerve fiber and ganglion cell layers (NFL and GCL), where their end feet envelop vitreal capillaries. 12 The end feet membrane domains contacting basal lamina express AQP4, 13 as well as Kir4.1 channels. 14, 15 Within the inner retina, Müller glial cells assume several astrocytic functions. Indeed, Müller cells redistribute (siphon) excess K ϩ from the extraneuronal space toward fluid reservoirs of low K ϩ (sinks), such as vitreous body, subretinal space, and blood vessels. 2, 5, 16, 17 Müller cell membrane domains surrounding neurons express strongly rectifying Kir2.1 channels, which may mediate K ϩ influx into these glia. 18 In contrast, membrane areas facing K ϩ sinks contain arrays of weakly rectifying Kir4.1 19 -21 and AQP4 channels, [22] [23] [24] [25] optimizing outward K ϩ and water flux. 13 Recent studies of retinal cytotoxic edema further elucidate the coupling of K ϩ currents to water flux. 26 During development, the onset of spontaneous retinal activity 27, 28 precedes Müller cell genesis, 29, 30 astrocyte arrival to the retinal surface, 31 and retinal angiogenesis 32, 33 by at least five days. However, K ϩ and water uptake via AQP4 and Kir4.1 channels may already be operational in retinal cells of early genesis. Toward supporting this hypothesis, we examined AQP4 and Kir4.1 immunoexpression in the developing mouse retina. Surprisingly, AQP4 and Kir4.1 proteins were specifically coexpressed in differentiating horizontal cells at birth, whereas by the time of eye opening, the coexpression of this pair of proteins became enriched in Müller cells. The expression of the dominant regulators of retinal K ϩ spatial buffering and water flux by differentiating neurons, as well as the cytoarchitecture of these interneurons, suggest that horizontal cells may contribute to early retinal homeostasis.
Some of the present findings have been preliminarily reported (Bosco A, et al. IOVS 2004; 45 :ARVO E-Abstract 5324).
METHODS Histology
Newborn (postnatal day [P]0), P9, P15, and P30 C57BL/6J mice (Jackson Laboratory, Bar Harbor, ME) were maintained and treated according to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. Two pups from two different litters were used at each time point. Neonates and P9 pups were decapitated under deep isoflurane anesthesia. Neural retinas were dissected and flattened on membrane inserts (Millicell-CM; Millipore, Bedford, MA) and fixed in 4% (wt/vol) paraformaldehyde (PFA) in 0.1 M phosphate-buffered saline (PBS; pH 7.4) for 30 minutes. P15 and P30 mice, anesthetized similarly, were perfused transcardially with saline solution followed by PFA, and their eyes were further postfixed for 2 hours. Either eye cups or flatmounted retinas of all ages studied were embedded in a common block in 20% sucrose and 7% gelatin solution (300 Bloom; SigmaAldrich, St. Louis, MO), frozen, and cryosectioned (20 m). Sections were mounted on slides (SuperFrost Plus; Fisher Scientific, Pittsburgh, PA) and stored frozen. A subset of eyes had retinas flatmounted for immediate processing.
Immunofluorescence
Whole retinas and sections were simultaneously processed to assure equal treatment and reliable comparison of the staining patterns during development. After thawing of cryosections and rinsing with PBS, autofluorescence was decreased by incubation with 50 mM ammonium chloride in PBS for 15 minutes. After rinsing, cells were permeabilized with 0.25% Triton X-100 in PBS for 5 minutes, and finally the tissue was blocked with 5% normal donkey serum plus 1% bovine serum albumin (BSA) for 1 hour. Specimens were immunolabeled by incubation with one or three antibodies, diluted in 1% BSA, for 18 to 72 hours at 4°C. The primary antibodies used include a monoclonal antibody to bovine calbindin D-28k (1:1000 dilution; Sigma-Aldrich), rabbit polyclonal antibodies to: mouse Prox1 C terminus (1:5000; Covance, Berkely, CA), rat Kir4.1 C terminus (1:50; Alomone, Jerusalem, Israel), rat AQP4 (1:50; AQP41.A; Alpha Diagnostic, San Antonio, TX), and goat polyclonal antibody to human AQP4 C terminus (1:50; C-19; Santa Cruz Biotechnology, Santa Cruz, CA). Single immunodetections indicated the optimal working conditions for each antibody. The specificity of both anti-Kir4.1 and anti-AQP4C19 antibodies was confirmed by preabsorption with the corresponding antigenic peptides (data not shown; Frigeri et al. 36 ). Further, the identical patters detected at P0 with the AQP4C19 and AQP41.A antibodies, confirmed their specificity (data not shown), although C19 signal was stronger and therefore was chosen for this study. Background fluorescence was nominal after omitting each primary antibody. Primary antibodies were detected with one or three mixed affinity-purified secondary antibodies raised in donkey against IgG of goat, rabbit, and mouse (Alexa Fluor 594, 488, and 647 nm, respectively; 1:400 dilution; Molecular Probes, Eugene, OR). Secondary antibodies diluted in 1% BSA buffer were incubated for 2 hours at room temperature. After a thorough rinse, nuclei were counterstained with 10 m 4Ј,6-diamidino-2-phenylindole (DAPI) in PBS and coverslipped (Fluoromount G; Fisher Scientific).
Photomicrography
Fluorescence microscopy was conducted on a confocal upright microscope (BX50WI, Fluoview 500; Olympus, Melville, NY), using a 40ϫ water-immersion objective, appropriate filter settings, and sequential image acquisition for multilabeled specimens. Fluorescent data from both retinal wholemounts and cryosections were collected at 0.31 m/pixel, with a z-step ranging from 0.5 to 1 m, and a 5 to 20 m depth of field (see details in figure legends). The figures show slices merged into one plane (Fluoview; Olympus) and pseudocolored red, green, or white (representing 594, 488, and 647 nm, respectively). Multiple channel overlay revealed fluorophore colocalization (yellow). Before conversion to CMYK, images were edited for brightness, contrast, and color tone (Photoshop; Adobe Systems, Mountain View, CA), and assembled (Freehand; Macromedia, San Francisco, CA). (Fig. 1B, red) and Kir4.1 labeling (Fig. 1C , green) confirmed their distribution in Müller cell end feet (Figs.  1B, 1C , arrow) and processes (arrowhead) crossing the inner plexiform layer (IPL). Within the outer nuclear layer (ONL), Müller cell processes appeared so weakly labeled for both AQP4 and Kir4.1 that they were hardly visible with optical conditions optimized to the intense inner retinal expression (Fig. 1A) . Intense calbindin labeling identified horizontal cell somata in the outer INL and their processes within the OPL (Fig. 1A, white) . Also, anti-calbindin faintly labeled amacrine cells within the INL (Fig. 1A) 
RESULTS

Expression of AQP4 and Kir4.1 in Müller Cells in the Adult Retina
Expression of AQP4 and Kir4.1 at P15 in Müller Cells
At P15, Müller cells expressed AQP4 (Figs. 1F, 1G , red) and Kir4.1 (Figs. 1F, 1H , green), both distributed with a manifest outer-to-inner gradient of intensity starting at the OPL. Overall, APQ4/Kir4.1 labeling intensity was lower than observed in adult tissue. AQP4 antibody weakly labeled Müller cell processes (Fig. 1G ), but perivascular end feet (Fig. 1G , arrow) in the IPL (Fig. 1G, arrowhead) and INL (Fig. 1J, arrow) were strongly labeled. In contrast, Kir4.1 labeled Müller cells with robust intensity and notable OPL-to-NFL polarization, closely resembling the adult pattern (Fig. 1F, green) . Müller cell end feet (Fig. 1H, arrow) , and both radial and lateral processes in the IPL were labeled with antibodies to Kir4.1; however, perivascular areas in the IPL did not express Kir4.1 (Figs. 1G,  1H , arrowheads). Despite the relatively lower expression levels detected for AQP4, its colocalization with Kir4.1 in Müller cell end feet was unambiguous (Fig. 1F, yellow) . Within the central retina, calbindin-positive horizontal cell somata (Figs. 1F, white; 1I, arrowhead) displayed faint Kir4.1 labeling (Fig. 1J , green, arrowhead), whereas AQP4 was absent. However, AQP4 was detectable in processes from horizontal cells positioned at the far peripheral retina (data not shown). Note that, within the OPL, calbindin-labeled horizontal cell somata and processes (Figs. 1F, 1I , white) were contiguous with blood vessels outlined by AQP4-expressing Müller cell processes (Figs. 1F, 1I , 1J, red). Both AQP4 and Kir4.1 weakly labeled the outer limiting membrane (Fig. 1F) .
Coexpression of AQP4 and Kir4.1 at P9 in Horizontal and Müller Cells
At P9, Kir4.1 labeling showed polarization, with the IPL, GCL, and NFL exhibiting the most intense labeling (Figs. 1K, 1M , green). Whereas antibodies to calbindin faintly labeled amacrine (Figs. 1K, 1L , white, arrowhead) and horizontal cells (Figs. 1K, white; 1N, arrowheads), anti-Kir4.1 did not specifically label amacrine cells (compare Fig. 1L with 1M, arrowheads), but weakly labeled horizontal cells (Figs. 1K; 1N, 1O , arrowheads). Müller cell processes spanning the INL clearly expressed Kir4.1 (Fig. 1K, green) . The identity of the Kir4.1-labeled processes within the IPL is unclear. Conversely, AQP4 expression was restricted to the NFL (Figs. 1K, 1M , red), IPL perivascular areas (Fig. 1M, arrow) , and horizontal cell processes in the OPL (Figs. 1K, 1O ). Blood vessels near the OPL nonspecifically labeled with the anti-mouse IgG antibody used against calbindin (Fig. 1N, arrows ), but were not surrounded by AQP4 labeling (Fig. 1O, arrows Horizontal Cell-Specific Coexpression of AQP4 and Kir4.1 at P0
In the newborn retina, AQP4 (Figs. 1P, 1Q , red) and Kir4.1 (Figs. 1P, 1R , green) proteins colocalized to cells within the outer neuroblastic layer (NBL). Moreover, the detection of calbindin (Fig. 1S , white) within these AQP4/Kir4.1-positive cells, together with their morphology and position identified them as presumptive horizontal cells. AQP4 staining was highly restricted to horizontal cell somata and processes (Figs. 1P, 1Q, red), and Kir4.1 (Fig. 1P , R, green) was coexpressed in most AQP4-labeled cells. The subcellular distribution of AQP4 and Kir4.1 was highly coincident (Fig. 1T, yellow) , except for process endings labeled more intensely for AQP4 than for Kir4.1. Also, some Kir4.1 labeling was observed in the NFL and GCL (Fig. 1P, green) , along with a calbindin-positive plexus (Fig. 1P, white) , only overlapping at the vitreous margin. Although the identity of the cells coexpressing Kir4.1/calbindin is unknown, their confinement to the NFL suggests they could be ganglion cell axons. The strong IPL calbindin labeling most likely represents developing amacrine cell processes. AQP4/ Kir4.1-colabeling revealed the diverse morphologies of horizontal cells corresponding to their eccentric position and maturation level ( To confirm further the identity of the AQP4/Kir4.1/calbindin-expressing cells, we coimmunostained neonatal retinas for Prox1 and AQP4. In the outer NBL, round nuclei within AQP4-positive cells (red) showed Prox1 labeling ( Fig. 2 white and arrows in the NBL). The soma shape, processes and position of these Prox1/AQP4-coexpressing cells corroborated their identification as horizontal cells. Within the inner NBL, adjacent to the IPL, Prox1 labeled elongated nuclei from AQP4-negative cells (Fig. 2, arrowheads) , presumably representing amacrine or bipolar cells. Unlike Prox1 and calbindin, which recognize multiple neuronal types at birth (i.e., amacrine and horizontal cells), AQP4 specifically labeled horizontal cells, regardless of their degree of maturation (Fig. 2 , retinal edge at left). AQP4 punctate labeling outlined horizontal cell inward projections reaching the GCL (Fig. 2, asterisks) , as well as outward processes oriented toward the subretinal space. Of interest, some cells within the GCL displayed cytoplasmic rather than nuclear Prox1 expression, though they lacked AQP4 labeling (Fig. 2, arrows in the GCL) .
Furthermore, we studied AQP4 distribution in retinal wholemount preparations. The horizontal cells within the central retina (Fig. 3) revealed remarkably homogeneous levels of AQP4 expression (Fig. 3A, red) throughout the neurofilamentstained cell mosaic (Fig. 3B, green) . The localization of AQP4 to horizontal cell somata was evident, whereas AQP4 content at the neurofilament-positive distal tips of processes was weak 
DISCUSSION
The key finding of this study is that two glial proteins, Kir4.1 and AQP4, essential for efficient extracellular K ϩ and water clearance within the CNS, are specifically coexpressed by retinal neurons, namely horizontal cells, during early development. Furthermore, we report a remarkable switch of AQP4 and Kir4.1 localization from neurons to glia coincident with eye opening. The timing of this switch to glial cells matches the reported upregulation of inward-rectifying currents in differentiating Müller cells 37 and confirms the postnatal expression of Kir4.1 protein by Müller glia. 18 As such, AQP4 and Kir4.1 proteins are enriched in Müller cells by P15, whereas Kir4.1-expression was reduced in horizontal cells, and only less differentiated cells expressed AQP4 within their processes. The adult patterns of AQP4/Kir4.1 expression detected in the current study reproduced the asymmetrical patterns reported for adult mouse and rat retina. 13,18 -20,25 Unlike these previous reports, however, neither AQP4 nor Kir4.1 was detected in the OLM. This discrepancy may be attributable to differences in specimen preparation. This is the first report of neuronal AQP4 expression, since AQP4 expression within the CNS is restricted to glia, such as astrocytes, ependymal, and supporting cells. 23, 24 Likewise, Kir4.1 expression is largely limited to astrocyte subpopulations, oligodendrocytes, Bergman glia, and satellite cells. 15,38 -41 However, Kir4.1 mRNA has also been detected within brain stem 42 and cortical neurons. 43 Neither AQP4 nor Kir4.1 proteins were detected in other retinal neurons. The absence of Kir4.1 expression in retinal ganglion cells at adulthood matches the findings of Chen et al. 44 who detected multiple Kir channel subtypes, except for Kir4.1.
Calbindin is detectable in presumptive amacrine and horizontal cells in mouse retina at E18.5. 45 In adult retina, horizontal cell somata and processes display robust calbindin immunoreactivity, whereas ganglion and amacrine cells show variable expression. 46 The Prox1 homeodomain protein is detectable in mouse retinal progenitor cell nuclei between E12.5 and P0, coincident with amacrine and horizontal cell genesis. 30, 47 As development continues, Prox1 expression increases in these interneuron's nuclei, and in the adult, Prox1 expression remains intense in horizontal and AII amacrine cells, but faint in bipolar cells. 47 Given that the time courses of amacrine and horizontal cell genesis overlap 30 and that both calbindin and Prox1 are expressed in both cell types, these markers cannot unequivocally identify horizontal cells during retinogenesis. Thus, AQP4 particularly, and to a lesser extent Kir4.1, specifically identify horizontal cells in the newborn mouse retina. AQP4 is apparently expressed in the entire horizontal cell mosaic, which in mouse is formed by a single population of axon-bearing cells. 48 The transient Kir4.1/AQP4 coexpression by horizontal cells suggests that these channels may be functional during development. Immature horizontal cells may mediate K ϩ spatial The merged view of Prox1 (white) and AQP4 (red) stainings shows Prox1-labeled cells positioned at the GCL (displaying cytoplasmic expression, arrow) and both within the inner and outer NBL (arrows, arrowheads). AQP4 showed a compact distribution along horizontal cell processes and somata, regardless of their radial position, always coexpressed with nuclear Prox1. Also, AQP4 as discrete puncta (asterisk), was detected in the GCL, often connected to horizontal cell processes, outlined by radial arrangements of AQP4-puncta within the INL. Images represent the projection of a 9-m-thick optical stack. Abbreviations as in Figure 1 . Scale bar, 20 m. 49, 50 at birth, when we detected AQP4/Kir4.1 expression, few or no glia are present in the mouse retina. Müller cells, native to the retina, are generated last during retinogenesis, at P2 to P4, 29, 30 whereas astrocytes invade the vitreal surface during the first ten postnatal days. 51 Hence, the perinatal mouse retina is avascular, since the primary plexus forms underneath the NFL after astrocyte migration. 31 A deep plexus grows within the OPL by P15, and interconnects to the vitreal plexus by P21. 32, 33 The OPL capillaries (Fig. 1F, red) emerge in striking proximity to horizontal cell somata (Fig. 1F, white) , suggesting an interaction between neurons and vasculature during development. Interestingly, horizontal cells directly associate with capillaries in the adult tree shrew retina. 52, 53 By birth, when horizontal cell AQP4/Kir4.1 coexpression is intense and cell specific, these relatively scarce interneurons are distributed at all eccentricities, showing elongated somata mostly aligned in the outermost level of the NBL. 54 Horizontal cell AQP4 -content exposes their radial shape, with processes spanning the NBL (Figs. 1P, 1T , 2A, 2B). Although horizontal and Müller cell densities differ, both cell types share a radial morphology, at least during horizontal cell differentiation. After P9, the aligned somata of horizontal cells project almost coplanar processes toward the OPL (Fig. 1K) . The array of horizontal cells and nascent capillaries resembles the known association between vasculature and Müller cells, which optimizes K ϩ and water transglial transport. The remaining expression of Kir4.1 within horizontal cell somata and of AQP4 in their least differentiated processes raises the novel and intriguing possibility of a developmental neuron-vascular metabolic communication, contemporaneous with the occurrence of spontaneous retinal activity, 28 later supplanted by gliovascular interactions in the adult retina. It will be interesting to determine whether AQP4 or Kir4.1 subcellular distribution in developing horizontal cells shows any asymmetry as angiogenesis within the OPL progresses, which may indicate a transcellular pattern of water and K ϩ redistribution. The possibility that differentiating horizontal cells can fulfill an archetypal glial function contributes to the enigmatic nature of these retinal interneurons.
